Effects of simultaneous exposure of Pacific oyster, Crassostrea gigas, to both a harmful dinoflagellate that produces Paralytic Shellfish Toxins (PST), Alexandrium minutum, and cadmium (Cd) and copper (Cu), were assessed. Oysters were exposed to a mix of Cd-Cu with two different diets (i.e. A. minutum or Tisochrysis lutea) and compared to control oysters fed A. minutum or T. lutea, respectively, without metal addition. Metals and PST accumulations, digestive gland lipid composition, and cellular and biochemical hemolymph variables were measured after 4 days of exposure. Oysters exposed to Cd-Cu accumulated about thirty-six times less PSTs than oysters exposed to A. minutum alone. Exposure to Cd-Cu induced significant changes in neutral lipids (increase in diacylglycerol -DAG -and decrease in sterols) and phospholipids (decreases in phosphatidylcholine, phosphatidylethanolamine, cardiolipin and ceramide aminoethylphosphonate) of digestive gland suggesting that lipid metabolism disruptions and/or lipid peroxidation have occurred. Simultaneously, concentrations, percentages of dead cells and phenoloxidase activity of hemocytes increased in oysters exposed to metals while reactive oxygen species production of hemocytes decreased. Feeding on the harmful dinoflagellate A. minutum resulted in significant decreases in monoacylglycerol (MAG) and DAG and ether glycerides (EG), as well as significant increases in hemocyte concentration and phagocytic activity as compared to oysters fed T. lutea. Finally, the present study revealed that short-term, simultaneous exposure to Cd-Cu and A. minutum may induce antagonistic (i.e. hemocyte concentration and phagocytosis) or synergic (i.e. DAG content in digestive gland) effects upon cellular and tissular functions in oysters.
neurotoxins, the mode of action of which involves a reversible and highly-specific block of 57 sodium channel transport, disabling the action potential of excitable membranes (nerves and 58 muscle fibers) (Narahashi, 1988) . The current European Union regulatory limit for human 59 consumption of shellfish is set at 80 µg saxitoxin equivalent 100 g −1 shellfish meat. 60 M a n u s c r i p t and non-essential metal with an extremely long biological half-life, making it a cumulative 75 toxic compound. It has been classified as a human carcinogen and is a potent multi-tissue 76 animal carcinogen (IARC, 1993) . Most bivalve mollusks are filter feeders and concentrate Cd 77 and other metals in their soft tissues (Bouilly et al., 2006) . This accumulated Cd can 78 compromise the health of consumers of contaminated bivalves. The allowable Cd limits in 79 seafood vary between 1 μg g −1 wet weight (European Union) and 3.7 μg g −1 WW (USA, 80
United States Food and Drug Administration recommended guideline) (Lekhi et al., 2008) . 81
The Provisional Tolerable Daily Intake (PTDI) recommended by the World Health 82
Organization (WHO) for human oral exposure is 7 µg kg -1 day -1 (WHO, 2006) . Copper (Cu) 83 is an essential metal for all marine organisms, but it can be toxic at elevated concentrations 84 (digestive ducts and tubules) was observed in the mussel, Mytilus edulis, exposed to 94
Alexandrium fundyense (Galimany et al., 2008a) . In Pacific oysters, Crassostrea gigas, 95 exposed to A. minutum, lipid composition of the digestive gland was altered drastically, 96 mainly in terms of phospholipid composition (Haberkorn et al., 2010b) . The digestive gland is 97 known to accumulate most of the Cd and Cu in naturally-exposed C. gigas from Gironde 98 estuary (Mouneyrac et al., 1998 reactive oxygen species production, phenoloxidase activity) were observed in C. gigas 115 exposed to A. minutum (Haberkorn et al., 2010b) , in C. gigas and C. virginica exposed to A. Interactive effects of infectious diseases and pollution in aquatic mollusks were reviewed by 135 Morley (2010) . To the best of our knowledge, no study has evaluated combined effects of 136 both metals and harmful microalgae upon bivalves. 137
138
The purpose of the present study was to explore possible combined effects of an artificial 139 bloom of the PST-producing dinoflagellate, A. minutum (strain AM89BM), and a mixture of 140 two metals, cadmium and copper (Cd-Cu) on the Pacific oyster C. gigas. Oysters were 141 exposed 4 days to i) Tisochrysis lutea (formerly Isochrysis sp., clone Tahitian) as a control, ii) 0.34 ± 0.03 g and mean shell length was 61.7 ± 1.9 mm (mean ± CI 5%, n = 60). 154
Algal culture 155
Alexandrium minutum (strain AM89BM -isolated from the Bay of Morlaix, France, in 1989) 156 was grown in 10-liter batch culture using autoclaved seawater filtered through a 1-µm filter 157 and supplemented with L1 nutrient enrichment (Guillard and Hargraves, 1993 At the end of exposures (4 days), all oysters were sampled and processed as follows: from 189 each tank, pooled digestive glands from ten oysters were used to measure toxin accumulation, 190
Cd-Cu contents, neutral and polar lipid class composition, and amylase activity. Hemolymph was withdrawn from individual oysters using a 1-ml plastic syringe fitted with a 253 25-gauge needle inserted through a notch made adjacent to the adductor muscle just prior to 254 bleeding. All hemolymph samples were examined microscopically for contamination (e.g., 255
gametes, tissue debris) and then stored in micro-tubes held on ice. As recommended by the 256 flow cytometer (FCM) manufacturer, all samples were filtered through 80 µm mesh prior to 257 analysis to eliminate any large debris (>80 µm) which could potentially clog the flow 258 cytometer. Three hundred microliters (3 measures×100 µl) of each hemolymph sample were 259 used to measure hemocyte variables by flow cytometry. 260
The remaining hemolymph was separated into cellular (hemocytes) and supernatant (plasma) 261 fractions by centrifugation (800×g, 5 min, 4°C) prior to freezing (-20°C). These samples then 262 were used to measure biochemical hemocyte and plasma variables (protein content and 263 phenoloxydase activity). 
Statistical analysis 332
Results of toxin and metal contents were analyzed statistically using one-way ANOVA. 333
Results of each experiment were analyzed statistically using two-way ANOVA for each 334 physiological variable and hemocyte variable as the dependent variable, and exposure 335 conditions as independent variables. 336
In conjunction with two-way ANOVA, Tukey's HSD test were performed to find means that 337 are significantly different from each other.
M a n u s c r i p t
Variables expressed as percentages were transformed as arcsin(squareroot) before statistical 339 analysis, but presented as non transformed data in figures. 340
Statistical analyses were performed using Statgraphics Plus statistical software (Manugistics,  341 Inc, Rockville, MD, USA). Differences were considered significant when p-value was < 0.05. 342 M a n u s c r i p t PST content in the digestive gland was significantly higher (p = 0.0001, ANOVA) in oysters 348 exposed to A. minutum alone than in oysters exposed to both A. minutum and cadmium-349 copper (Fig. 1) . No PSTs were detected in oysters exposed to T. lutea with and without Cd-350
Cu. 351 352
Cadmium and copper contents 353
There were no significant differences in cadmium and copper contents in digestive gland of 354 exposed oysters regardless of dietary condition (Fig. 2) . Cd and Cu were not detected in 355 oysters exposed to microalgae alone. 356 357
Neutral lipid contents 358
There was no significant difference in total neutral lipid contents between treatments (Table  359 1). 360
Monoacylglycerol (MAG) content was significantly lower in oyster fed A. minutum than in 361 those fed T. lutea. In metal-exposed oyster, whatever the diet, the content was significantly 362 lower than in T. lutea control and higher than in A. minutum control. MAG were significantly 363 affected by the interaction between Cd-Cu and diet. 364 Diacylglycerol (DAG) content was significantly lower in oysters exposed to A. minutum as 365 compared to those exposed to T. lutea and was significantly higher in oysters exposed to Cd-366
Cu as compared to non-exposed oysters (Table 1) . 367
Content of sterols was significantly lower in oysters exposed to Cd-Cu (Table 1) . 368
In control condition, ether glyceride content was significantly higher in oysters fed T. lutea 369 than in those exposed to A. minutum. Interaction between diet and Cd-Cu exposure 370 significantly affected ether glycerides with non exposed oysters fed T. lutea having the 371 highest level (Table 1) . 372
There was no significant difference in free fatty acid, triacylglycerol and sterol ester contents 373 between treatments (Table 1) . 374 375 3.1.4 Polar lipid contentsM a n u s c r i p t Total phospholipid content (Table 2 ) was significantly lower in digestive glands of oysters 377 exposed to Cd-Cu and fed A. minutum as compared to non-exposed oysters. 378 Phosphatidylcholine (PC) and cardiolipin (CL) were significantly lower in oysters exposed to 379 Cd-Cu and fed A. minutum than in non-exposed oysters (Table 2) . Phosphatidylethanolamine 380 (PE) and ceramide aminoethylphosphonate (CAEP) were significantly lower in oysters 381 exposed to Cd-Cu as compared to non-exposed oysters (Table 2) . 382
There was no significant difference in lysophosphatidylcholine (LPC), phosphatidylionsitol 383 (PI) and phosphatidylserine (PS) contents between treatments (Table 2) . 384 385 3.1.5 Amylase specific activity 386
There was no significant variation of the amylase specific activity in digestive gland between 387 different exposure conditions. 388 
.1 Hemocyte variables 392
Overall, Cd-Cu exposure had more significant effects upon hemocyte and plasma variables 393 than A. minutum exposure (Table 3) . 394
Total hemocyte counts (THC) were significantly higher in oysters exposed to Cd-Cu and fed 395
T. lutea and also were affected by the interaction between Cd-Cu exposure and dietary 396 treatment (Fig. 3A, Table 3 ). 397
Percentage of dead hemocytes was significantly higher in oysters exposed to Cd-Cu, 398 especially in those fed T. lutea (Fig. 3B, Table 3 ). 399
Percentage of phagocytic hemocytes was significantly lower in oysters exposed to Cd-Cu 400 (Fig. 3C, Table 3 ). Phagocytosis was also significantly higher in oysters fed A. minutum in 401 relation to those fed T. lutea. 402 ROS production by granulocytes was significantly lower in oysters exposed to Cd-Cu as 403 compared to non-exposed oysters fed A. minutum (Fig. 3D, Table 3 ). Similarly, ROS 404 production of hyalinocytes was greatly reduced upon exposure to Cd-Cu (Table 3) . 405 406 3.2.2 Hemocyte and plasma phenoloxidase (PO) specific activities 407 PO specific activity in hemocytes was higher in oysters exposed to Cd-Cu as compared to 408 non-exposed oysters (Fig. 3E, Table 3 ). PO specific activity in plasma was higher in oysters 409 exposed to A. minutum than in oysters fed T. lutea (Fig. 3F, Table 3 ). In plasma, this activityA c c e p t e d M a n u s c r i p t was higher in oysters exposed to Cd-Cu and A. minutum as compared to non-exposed oysters 411 fed T. lutea (Fig. 3F) . 412 A c c e p t e d M a n u s c r i p t M a n u s c r i p t 
